The 79 000 mol. wt. measles virion membrane glycoprotein G has been isolated from purified measles virus. Ultracentrifugation of 2 % Triton X-100-treated measles virus produced a soluble supernatant fraction containing both G and F, the other external viral membrane protein. Lentil lectin-Sepharose and Sephacryl S-300 column chromatography of this fraction gave a pure preparation of G protein.
INTRODUCTION
One of the more important properties of measles virus is its ability to establish persistent infections in cultured cells (Rustigian, 1966) . This fact has gained added significance with the demonstrated aetiological role of measles virus in the chronic central nervous system disease subacute sclerosing panencephalitis (Connolly et al., 1967; Horta-Barbosa et al., 1969) . In addition, there is indirect evidence for measles virus involvement in multiple sclerosis (Adams & Imagawa, 1962) . Physical and immunological characterization of measles virus and its components is an important step in the investigation of the involvement of this virus in persistent infections.
Despite initial contradictory results there now seems to be agreement, in general, on the number of measles virus polypeptides and their tool. wt. as determined by SDSpolyacrylamide gel electrophoresis. In the first published analysis of measles virus polypeptides, Hall & Martin (1973) reported that the virus contained two glycosylated polypeptides of mol. wt. 69 000 and 53 000 and four non-glycosylated peptides of mol. wt. 75000, 60000, 51000 and 45 700. However, subsequent reports by other groups revealed only one major glycosylated polypeptide of tool. wt. 78000 to 80000 and four major non-glycosylated viral polypeptides of tool. wt. varying from 66000 to 72000, 60000 to 62000, 40000 to 42000 and 36000 to 37500 (Waters & Bussell, 1973; Mountcastle & Choppin, 1977; Tyrrell & Norrby, 1978; Vainionp~i~i et al., 1978) . More recent studies have indicated that measles virus contains a second glycoprotein of mol. wt. 60 000 to 62 000 which can be detected when [3H]glucosamine-labelled virus is electrophoretically analysed under non-reducing conditions (Hardwick & Bussell, 1978) . Under reducing conditions this glycoprotein is apparently split into the 40000 tool. wt. non-glycosylated portion (denoted F 1) and a heterogeneous, low tool. wt. glucosamine-rich portion (denoted F2). On the basis of these results Hardwick & Bussell (1978) suggested that the fusion protein of measles virus, in LUND AND A. A. SALMI analogy to that of other paramyxoviruses (Scheid & Choppin, 1977) , is composed of two disulphide-linked polypeptides, F 1 and F2, with the difference, however, that in the case of measles only F 2 contains carbohydrate.
Indirect evidence has indicated that the 79 000 mol. wt. glycosylated polypeptide represents the haemagglutinin of the virus, both by analogy with other paramyxoviruses (Mountcastle & Choppin, 1977; Zhdanov, 1980) and by morphological, serological and SDS-polyacrylamide gel analysis of trypsin-treated measles virus (Norrby & Gollmar, 1975; Tyrrell & Norrby, 1978) .
The present paper describes the purification of the 79000 mol. wt. glycoprotein from purified measles virus and its physical and immunological characterization.
METHODS

Cells and virus.
Wild-type measles virus was isolated, single-plaque cloned and grown in monolayer cultures of Vero cells as described earlier (Vainionp~i~i et al., 1978) . The virus was purified using the method described by Anttonen et al. (1980) .
In vitro labelling of measles virus. Purified marker measles virus was labelled by reaction with [3H]acetic anhydride (500 mCi/mmol, The Radiochemical Centre, Amersham) according to the method of Montelaro & Rueckert (1975) . The virus was disrupted prior to labelling by boiling for 2 min in the presence of 1% SDS. Uncoupled acetic anhydride was separated from the labelled virion proteins by chromatography on a G-25 Sephadex (Pharmacia) column equilibrated with 0.1 M-tris-HC1 pH 6.8 containing 0.1% SDS.
Fractionation of measles virus. The method employed for the fractionation of measles virus was similar to that reported for SV5 by Scheid et aL (1972) . Purified measles virions in phosphate-buffered saline (PBS) were lysed by the addition of Triton X-100 (BDH) to a final concentration of 2% followed by incubation at room temperature for 30 min. The Triton-treated virus suspension was then centrifuged in an SW50.1 rotor at 40000 rev/min (150000 g) at 4 °C for 1 h and the supernatant removed. The pelleted nucleocapsid material was resuspended by brief sonication in the original volume of PBS containing 1% SDS.
The pellet and supernatant fractions were separately labelled with [3H]acetic anhydride using the same procedure as that described above for marker measles virus but with the following differences. The final concentration of SDS in the pellet fraction was 1% while the supernatant fraction contained no SDS. In addition, the G-25 Sephadex column used following the labelling of the supernatant fraction was equilibrated with 0-01 M-sodium phosphate pH 7-2 containing 0.1% Triton X-100.
Isolation of the virion glycoprotein. A 6 ml column of lentil lectin-Sepharose 4B (Pharmacia) was equilibrated with 0.01 M-sodium phosphate pH 7.2 containing 1% sodium deoxycholate (DOC, Merck). Solid DOC was added to the tritiated measles supernatant fraction to give a final concentration of 1% and this fraction was then loaded on to the column. The column was washed with 5 column vol. of the phosphate-DOC buffer and adsorbed glycoprotein eluted by the inclusion of 0.2 M-a-methyl-D-mannoside (Sigma) in the column buffer. The column was operated at room temperature at a flow rate of 12 ml/h and 0.4 ml fractions were collected. Aliquots of each column fraction were spotted on to filter paper discs and the radioactivity present measured in a LKB-Wallac 81000 liquid scintillation counter using a toluene-based fluor. The mannoside-eluted protein fraction was pooled and Triton X-100 added to a final concentration of 0-1%. The pool was dialysed for 2 days at 4 °C against multiple changes of PBS containing 0-1% Triton X-100 in order to remove the majority of the DOC. The tubing containing the dialysed protein solution was buried in Sephadex G-200 until the volume was reduced to approx. 0.5 ml. The material was then placed in fresh dialysis tubing and dialysed overnight against PBS containing 0.1% Triton X-100. The concentrated pool was chromatographed at 4 °C on a 1 x 90 cm column of
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Sephacryl S-300 (Pharmacia) equilibrated with PBS containing ~ 1% Triton X-100 and 0.02 % sodium azide. The column flow rate was 6 ml/h and 0.4 ml fractions were collected. The radioactivity present in aliquots of each fraction was measured as described above and selected peak fractions pooled. Aliquots of each pool were dialysed against 0.1 M-tris-HC1 pH 6.8 containing 0.1% Triton X-100 and analysed on a 10% polyacrylamide-0.1% SDS slab gel as described below.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
An adaptation of Laemmli's (1970) method was used. This has been described before by Vainionpfi~i et al. (1978) , the only difference being that in the present study the tris-HC1 concentration in the sample buffer was 0.1 M. Gels were prepared for autoradiography using the dimethyl sulphoxide-2,5-diphenyloxazole (DMSO-PPO) method of Bonner & Laskey (1974) . Kodak RP-Royal X-Omat film was exposed to the dried gels at --70 °C for an appropriate period of time, usually between 4 and l0 days.
Sucrose density-gradient centrifugation. An aliquot of Sephacryl column pool 3 was analysed on a linear 5 to 20% sucrose gradient as described in the legend to Fig. 4 . The sedimentation coefficient of the measles virus membrane protein peak was measured in relation to the sedimentation coefficients of protein standards of known S value and the tool. wt. of the peak estimated from the measured sedimentation coefficient according to the methods described by Martin & Ames (1961) .
Protein determination. Wang & Smith's (1975) modification of the Lowry procedure, permitting protein determination in the presence of Triton X-100, was used but with the following differences. The volumes of sample and reagents were all one-half of those used by Wang & Smith (1975) with the exception of the SDS, 0.25 ml of a 20 % solution being used in the present case. The absorbance of the solutions was measured at 750 nm following the final 30 min incubation step. Use of this method made possible the estimation of as little as 2 to 3 /zg protein although the standard curve was not entirely linear at this low protein concentration range.
Antiserum production. A rabbit was injected intradermally with 20/~g purified G protein emulsified with an equal volume of Freund's incomplete adjuvant. This was followed at 3-week intervals by 10/zg injections of protein which were administered in the same manner. The animal was exsanguinated 3 weeks after the fourth 10 /zg injection and serum was prepared.
Serological techniques. Haemagglutination inhibition (HI) and haemolysis inhibition (HLI)
tests were performed according to the method described by Norrby & Gollmar (1972) . The tests were done using purified measles virus as antigen and African green monkey erythrocytes diluted in PBS as the indicator system. Serum was adsorbed with kaolin before use in the HI test (Spence, 1968) .
For virus neutralization (VN) tests 0-1 ml amounts of purified measles virus containing 100 tissue culture infective doses were incubated for 1 h at 37 °C with triplicate 0.1 ml serial twofold dilutions of rabbit serum. The mixtures were then used to infect Veto cell monolayers. The monolayers were incubated at 37 °C for 4 days and the cytopathic effect (c.p.e.) monitored by light microscopy. The neutralization titre of the serum was taken to be that dilution which completely inhibited the expression of c.p.e, in all three triplicate tubes.
Slab gel antibody overlay technique.
The method used was that described by Bellini et al. (1979) . Briefly, 3H-labelled marker measles virus and two 20 /tg amounts of unlabelled, purified measles virus were electrophoresed in a 10% polyacrylamide-0.1% SDS slab gel. Following fixation with a 10% acetic acid-45% methanol solution the three lanes were separated and the lane containing the ~H-labelled marker processed for autoradiography by the DMSO-PPO method of Bonner & Laskey (1974) . The two unlabelled measles virus antigen lanes were washed with buffer, overlaid with a dilution of rabbit serum, washed, overlaid with radio-iodinated anti-rabbit IgG antibody and finally washed and prepared for autoradiography. Sheep IgG specific for rabbit IgG was labelled by the chloramine-T method described by Ziola et al. (1978) and was used in the procedure at a concentration of 106 ct/rnin/cm 2 of gel area.
R E S U L T S
Purification of measles virus haemagglutinin
The polypeptide pattern of whole measles virus labelled in vitro by [3H]acetic anhydride is shown in Fig. 1 (a, e, j) . This pattern is identical to that reported for measles virus by Vainionp~iii et aL (1978) and is in close agreement with earlier published polypeptide patterns (Waters & Bussell, 1973; Mountcastle & Choppin, 1977; Tyrrell & Norrby, 1978) . Disruption of measles virus by 2 % Triton X-100 was accompanied by a partial clearing of the cloudy virus suspension. Centrifugation of this disrupted material at 150000 g for 1 h produced a pellet and a clear supernatant fraction. SDS-polyacrylamide gel analysis of aliquots of the [3H]acetic anhydride-labelled pellet and supernatant fractions showed that the pellet (Fig. l b) contained the nucleocapsid protein (NP, mol. wt. 60000) as well as polypeptide 2 (mol. wt. 70000) and matrix protein (M, tool. wt. 37000) and smaller amounts of actin (mol. wt. 43 000). The supernatant (Fig. 1 c) Five pl amounts of each 0.4 ml fraction were assayed for radioactivity. Aliquots of both peaks were analysed by SDS-PAGE (Fig. l d, f) and column fractions 77 to 83 pooled and prepared for chromatography on Sephacryl S-300 as described in Methods. the protein fraction eluted from lentil lectin-Sepharose by a-methyl-D-mannoside (Fig. 2) . The column was operated at 4 °C as described in Methods. Five/A amounts of the 0.4 ml fractions were analysed for radioactivity. Fractions 37 to 43 (pool 1), 44 to 51 (pool 2) and 52 to 62 (pool 3) were pooled and aliquots analysed by SDS-PAGE ( Fig. 1 g, h, i respectively) . Fig. 4 . Sucrose gradient centrifugation of measles membrane protein pool 3 from the Sephacryl S-300 column ( Fig. 3 ; fractions 52 to 62). One-hundred/tl of the pool was layered on to a linear 5 to 20% (w/v) sucrose gradient made in PBS containing 0.5 % Triton X-100. The gradient was centrifuged for 12 h at 40000 rev/min in an SW50.1 rotor at 4 °C and fractions of 15 drops collected from the bottom of the tube. Amounts of 5/~1 were removed from each fraction for radioactivity measurements. The bottom and top of the gradient are indicated by B and T respectively. Arrows labelled 7S and 4.6S indicate the positions to which IgG and human serum albumin markers sedimented in a parallel gradient.
the matrix protein was not solubilized (data not shown), in contrast to what is observed for SV5 (McSharry et al., 1975) and Newcastle disease virus (NDV, Scheid & Choppin, 1973) .
Passage of the supernatant fraction through lentil lectin-Sepharose and subsequent elution of the column with a-methyl-D-mannoside produced two protein peaks (Fig. 2) . Analysis of the peaks by SDS-PAGE showed that the flow-through peak contained the nucleocapsidassociated polypeptides (Fig. 1 d) and that the adsorbed peak which was eluted with a-methyl-o-mannoside contained the membrane proteins G and F plus small amounts of four higher mol. wt. polypeptides (Fig. l f) . Attempts to purify G and F by sucrose density-gradient eentrifugation were unsuccessful since both polypeptides were routinely present in all regions of the gradient profile (data not shown).
Chromatography on Sephacryl S-300 of the G and F polypeptide mixture produced the profile shown in Fig. 3 . By comparison with the elution volumes of IgM, IgG, human serum albumin and lysozyme markers which were separately chromatographed on the identical column, the material in fraction 40 had an approximate apparent mol. wt. of 550000 and that in fraction 56 one of 170000. Column fractions 37 to 43 (pool 1), 44 to 51 (pool 2) and 52 to 62 (pool 3) were pooled and aliquots analysed by SDS-PAGE. The results revealed that pool 1 contained G and F (Fig. 1 g) , pool 2 contained G, F and the four larger polypeptides (Fig.  1 h) and pool 3 contained only G (Fig. 1 0. Over-exposure of the gel or prior staining with Coomassie Brilliant Blue did not reveal any additional polypeptide bands which might have been poorly labelled or not labelled at all by [3H]acetic anhydride. By this method approx. 50 to 60 gg of pure G (from Sephacryl pool 3) could be obtained from 1 mg of purified virus.
Analysis of an aliquot of Sephacryl pool 3 on a linear 5 to 20 % sucrose gradient yielded one single peak of sedimentation coefficient 7.4S, corresponding to an approximate mol. wt. of 157000 (Fig. 4) . These data, together with the Sephacryl column results, indicated that polypeptide G was isolated from the virion in the form of a dimer. Analysis of the 7-4S sucrose gradient peak by S D S -P A G E under reducing conditions confirmed the presence of only polypeptide G (Fig. 5 a) which electrophoresed to a position corresponding to the expected mol. wt. of 79000. When the material was analysed by S D S -P A G E under non-reducing conditions the polypeptide was found at a position corresponding to a mol. wt. of approximately 160000 (Fig. 5 b) . These electrophoretic results further indicated the dimer character of isolated G and also demonstrated that the formation of these dimers was due to intermolecular disulphide bonds.
S e r o l o g i c a l results
Immune serum obt~ned from the rabbit immunized with G protein had a haemagglutination inhibition titre of 1/64, a haemolysis inhibition titre of 1/40 and a virus Measles virion glycoprotein G 191 neutralization titre of 1/80. Pre-immunization control serum had corresponding titres of < 1/4, < 1/10 and < 1/10 respectively. The observation that antibodies against G were able to block attachment of the virus to erythrocytes during the HI test is consistent with the previously proposed role of G as the viral haemagglutinin. This apparent inhibition of viral attachment could also explain the positive virus neutralization titre of the serum. In order to examine the antigenic specificity of the immune serum a sample was tested by the slab gel antibody overlay technique. Fig. 6 (a) shows that pre-immunization control serum did not contain antibody activity directed against any of the measles virus polypeptides. The immune serum, however, contained antibodies which reacted only with the G polypeptide of the virion (Fig. 6 c) . Longer exposures of the gel did not reveal antibody binding to any of the other virus polypeptides. Using this same technique it was possible to demonstrate that antibody to unfractionated measles virus was able to bind to all of the measles polypeptides with the reactivity against G being the least readily detectable, a phenomenon which has also been described by Bellini et aL (1979) .
DISCUSSION
The results presented here have demonstrated that the haemagglutinin protein of measles virus can be readily purified by a relatively simple two column procedure. The isolated protein proved to be a good immunogen for the production of specific antiserum and should be equally useful for structural studies involving the virion envelope components.
Relatively little is known about the structural arrangement of paramyxovirus membrane glycoproteins and interactions involving them. It does seem apparent, however, that disulphide bonds play an important role in the structure of the glycoproteins. The active fusion (F) proteins of SV5, NDV and Sendai viruses (Scheid & Choppin, 1977) and measles virus (Hardwick & BusseU, 1978) are formed by two disulphide-linked glycoproteins, F~ and F 2 (F 1 contains no carbohydrate in the case of measles). Disulphide bonds are also an important structural feature of the haemagglutinin protein. Sendal virus haemagglutinin is present in the virus in the form of disulphide-linked dimers and tetramers while that of NDV is present as dimers (MarkweU & Fox, 1980) . Hardwick & Bussell (1978) have also shown that the haemagglutinin of measles virus contains intermolecular disulphide bonds although the number of molecules per oligomer was not determined. The results of the present study have shown that the haemagglutinin, as isolated from the virion, is present in the form of a dimeric complex (Fig. 3, 4 , 5 b) and that this complex is sensitive to reduction by mercaptoethanol (Fig. 5 a) . Whether these disulphide bonds affect the assembly of G into the membrane spike protein structure is not apparent from these results since it is possible that the bonds are formed subsequent to the disruption of the virion envelope by detergent.
The glycoproteins of NDV (Scheid & Choppin, 1973) and SV5 (Scheid et al., 1972) can be readily separated and purified by sucrose density centrifugation. Attempts to separate the two measles virion membrane proteins by this method were, however, unsuccessful since both proteins were found in all regions of the gradient profile. Whether this observation reflects an affinity between G and F resulting in mixed aggregates or simply the presence of a complex mixture of homogeneous G and F aggregates of various sizes is not clear. Cross-linking experiments using intact measles virions may provide some indication as to possible in situ interactions involving G and F.
The positive HI and VN titres of the anti-G serum are both observations which are in agreement with the previously proposed role of G protein as the haemagglutinin of the virus. The haemolysis inhibition titre of the serum could possibly be interpreted either as evidence for G also having some direct role in the haemolysis activity of the measles virion or as evidence for non-specificity of the serum. However, Norrby & Gollmar (1975) have shown that haemagglutination inhibition and haemolysis inhibition are distinct activities against two separate viral antigens and that antibodies to the haemagglutinin which indirectly inhibit haemolysis can be removed by adsorption with haemagglutinin preparations. These observations, together with the observed specificity of the rabbit antiserum for G (Fig. 6 ) and a recent report showing that monoclonal antibodies to measles virus G protein exhibit haemagglutination-inhibiting activity (McFarlin et al., 1980) , all suggest that the inhibition of haemolysis observed with the anti-G serum was an indirect consequence of the inhibition of the initial step of viral attachment to the erythrocyte membrane.
